This paper presents a detailed investigation related to the physical and chemical changes underwent by a low Ni content oxygen carrier during 90 h of continuous operation in a CLC plant [1] . The oxygen carrier reached a combustion efficiency of 99% with a metallic Ni inventory of 17 kg/MW th , which was the lowest value found in literature for any kind of Ni-based oxygen carrier. The present study was carried out in order to find the reasons by which this material exhibited a different combustion behavior in relation to other Ni-based oxygen carriers. Fresh and after-used particles were characterized by several techniques. XRD, TPR-TPO and XPS techniques proved that the use of CaAl 2 O 4 as oxygen carrier support avoided the formation of NiAl 2 O 4 , which is a less reactive Ni-based compound than NiO and always formed in other Ni-based materials. The fact that all the NiO impregnated was found as free NiO in the oxygen carrier particles implied that this material maintained a high reactivity after 90 h of continuous CLC operation. The results obtained in the batch fluidized bed reactor have revealed the great relevance of the catalytic activity of the metallic Ni on the global fuel gas combustion process. The low Ni content present in this material makes necessary the use of very high reduction solid conversion to have enough metallic Ni in the fuel reactor to catalyze the CH 4 reforming reaction, and therefore to obtain high combustion efficiencies. This result will become very relevant for the design of a CLC unit using this Ni-based material as oxygen carrier.
During the last years, many efforts have been made to develop oxygen carriers suitable for the different CLC processes. Among the possible candidates, Ni-based oxygen carriers have been the most extensible used due to their high reactivity and good performance working with gaseous fuels [2] .
The main disadvantages of using nickel oxide as oxygen carrier in an industrial CLC plant are the price and the environmental concerns. Both reasons could be lessened using particles with low nickel content but maintaining a high reactivity. Up to now, alumina has been widely used as support for Ni-based oxygen carriers. The use of this material as support improves some of the physical properties of the oxygen carrier such as the mechanical strength or the agglomeration behavior. However, reduction of NiO/Al 2 O 3 particles is limited by the partial transformation of NiO into NiAl 2 O 4 spinel compound [3, 4] , which has poor reactivity for CLC [5] . To avoid or to minimize the interaction of NiO with alumina, some modifications of the support via thermal treatment or chemical deactivation can be carried out in order to increase the reactivity of the Ni-based oxygen carrier. The addition of CaO or MgO to the NiO/Al 2 O 3 mixture improves the behavior of the oxygen carrier by means of the formation of a spinel structure i.e. MgAl 2 O 4 or CaAl 2 O 4 [6] .
Our research group at the Instituto de Carboquímica (ICB-CSIC) developed a very high reactive Ni-based oxygen carrier with a low [1] . This carrier was designated as Ni11CaAl. Combustion tests with different fuel gases i.e. CH 4 , CO, H 2 , syngas and light hydrocarbons (C 2 H 6 and C 3 H 8 ) were conducted in a 500 W th continuous CLC unit. Using methane as fuel gas, a very high combustion efficiency was reached at oxygen carrier-to-fuel ratio ( ) values close to 1 (1.1-1.2). A further increase in the value of this parameter produced a decrease in the combustion efficiency. This behavior was different to that found using most of the Ni-based oxygen carriers present in the literature. Another remarkable result of this research work was that the solids inventory needed to obtain a methane combustion efficiency of 99% was 180 kg/MW th , which corresponded to a metallic Ni inventory around 17 kg/MW th , being this value the lowest referred in the literature for any other Ni-based oxygen carrier. It must be also considered that the scale up of the CLC technology is a relevant issue that needs to be accomplished in the next years. A key point to achieve this objective is the development of appropriate CLC reactor engineering for each case. The understanding of the reaction mechanism between the oxygen carriers and the fuel plays a significant role in the determination of important design variables such as solid circulation rates or solids inventories.
In this work, a deep investigation related to the physical and chemical changes underwent by the Ni11CaAl particles during the continuous operation in the CLC pilot plant were carried out to find the reasons of the different behavior of this material in relation to other Ni-based oxygen carriers. For that, fresh and after-used particles of this oxygen carrier were characterized by several techniques and additional combustion tests were conducted in a batch fluidized bed reactor. This result will become very relevant for the design of a CLC unit using this Ni-based material as oxygen carrier.
Experimental

Oxygen carrier
A Ni-based oxygen carrier supported on CaAl 2 O 4 , so-called Ni11CaAl, was used in this work. The desired phase active loading (11.8 wt%) was obtained by applying two successive impregnation steps on a CaAl 2 O 4 support. A detailed explanation of the preparation of this oxygen carrier can be found in the work of Gayán et al. [1] .
The main properties of the fresh and used particles after 90 h of operation are presented in Table 1 . The oxygen transport capacity was defined as the percentage of mass fraction of oxygen that could be used in the oxygen transfer, calculated as R oc = [(m ox − m red )/m ox ] × 100, where m ox and m red were the masses of the oxidized and reduced form of the oxygen carrier respectively.
Oxygen carrier characterization techniques
Fresh and after-used particles of the oxygen carrier were physically and chemically characterized by several techniques.
The force needed to fracture a particle was determined using a Shimpo FGN-5X crushing strength apparatus. The crushing strength was taken as an average value of at least 20 measurements.
The porosity was measured by Hg intrusion in a Quantachrome PoreMaster 33, whereas the specific surface was determined by the Brunauer-Emmett-Teller (BET) method by adsorption/desorption of nitrogen at 77 K in a Micromeritics ASAP-2020 (Micromeritics Instruments Inc.).
The identification of crystalline chemical species was carried out by powder X-ray Diffraction (XRD) in a Bruker AXS D8 Advance, with Bragg-Brentano geometry configuration, Cu K␣ radiation and equipped with secondary graphite monochromator.
The microstructure of the particles was analyzed by means of a scanning electron microscope (SEM) ISI DS-130. This equipment was coupled to an ultra thin window PGT Prism detector for energy-dispersive X-ray (EDX) in order to carry out an elemental microanalysis.
The reducibility of the samples was determined by temperatureprogrammed reduction (TPR) experiments in a flow apparatus AUTOCHEM II from Micromeritics, equipped with a TCD detector. During these experiments, the accuracy in the measurements of the TPR peak was ±1 K. The amounts of H 2 consumed were monitored continuously. About 250 mg of sample was placed in a quartz tube. Prior to the TPR experiment, the sample was flushed with Ar during 1 h. After this pretreatment, samples were heated at 7 K/min from room temperature to 1273 K with a flow of 20 ml/min of a mixture 10 vol% H 2 /90 vol% Ar. Temperature programmed oxidation (TPO) runs were performed after cooling down the sample, using 20 ml/min of a mixture 5 vol% O 2 /95 vol% He and heating up to 1273 K at 15 K/min. After TPO experiments, new TPR experiments were conducted at the same experimental conditions than the first ones.
Finally, X-ray photoelectron spectroscopy (XPS) results were recorded with an ESCAPlus OMICROM system equipped with a hemispherical electron energy analyzer. The spectrometer was operated at 10 kV and 15 mA, using a non-monochromatized MgK␣ X-ray Source (hv = 1253.6 eV) and under vacuum (<5 × 10 −9 Torr). Analyzer pass energy of 50 eV was used for survey scans and 20 eV for detailed scans. Binding energies (BE) were referenced to the C1s peak (284.5 eV) from adventitious carbonaceous contamination. A survey scan (1 sweep/200 ms dwell) was acquired between 1100 and 0 eV. Current region sweeps for Ni 2p, O 1s, C 1s, Al 2p and Ca 2p were obtained. The CASA data processing software allowed smoothing, Shirley type background subtraction, peak fitting and quantification. The amount of each element was calculated from intensity ratios using Scofield sensitivity factors [7] .
Reactivity tests in TGA
Reactivity tests of fresh and after-used particles were carried out in a TGA, CI electronics type, described elsewhere [8] . The objective of these TGA tests was to evaluate if the oxygen carrier particles maintained the reactivity after long operation times. The reduction reactivity of the oxygen carrier was determined with CH 4 , H 2 , and CO. Pure air was used to study the oxidation reactivity of the material. The NiO content, and the corresponding oxygen transport capacity of the particles, were determined by thermogravimetric analysis using H 2 as reducing agent.
Batch fluidized bed tests
Reduction-oxidation multicycles were carried out to after-used oxygen carrier particles (90 h of operation) in a batch fluidized bed reactor to determine the gas product distribution obtained during the reaction of the Ni11CaAl material with CH 4 and air, respectively. The experimental set-up was described elsewhere [9] . The tests Oxygen transport capacity vs time curves for reduction and oxidation reactions of fresh and after-used oxygen carrier particles using CH4, H2, CO as reacting gases for reduction, and air for oxidation. T = 1223 K. 3rd cycle.
were carried out at two different temperatures, 1103 and 1173 K, with an inlet superficial gas velocity into the reactor of 0.1 m/s. The composition of the reacting gas was 15 vol% CH 4 in N 2 during reduction and 10 vol% O 2 in N 2 during oxidation. The reduction periods were varied between 90 and 270 s. The oxidation periods needed for complete oxidation varied between 600 and 1200 s. To avoid the mixture of combustible gas with air, nitrogen was introduced during 120 s after each reducing and oxidizing period. The oxygen carrier was exposed to 35 reduction/oxidation cycles.
Results and discussion
Fresh and after-used particles of the Ni11CaAl material were characterized to determine the physical and chemical changes underwent by these particles during the 90 h of continuous operation carried out in the 500 W th CLC pilot plant. The objective was to find the reasons of the different gas combustion behavior of this material with respect to other Ni-based oxygen carriers previously tested in continuous CLC prototypes. Fig. 1 shows the oxygen transport capacity, R oc , vs time curves during reactivity tests in TGA with respect to several fuels (CH 4 , H 2 , CO) for fresh oxygen carrier and samples extracted at different operation times from the CLC plant. The oxygen carrier reactivity corresponding to the 3rd cycle was considered for comparison purposes. Fresh oxygen carrier particles exhibited a very fast reduction reaction with respect to H 2 and CH 4 , reaching a 90% of the total oxygen transport capacity in less than 10 s, being slower for CO. These results agreed with the ones obtained by Abad et al. [10] , who found that an impregnated Ni-based oxygen carrier exhibited the highest reactivity working with H 2 and the lowest with CO. Nevertheless, the reactivity of the Ni11CaAl material was considerably improved with regard to other Ni-based oxygen carriers developed by dry impregnation using ␥-Al 2 O 3 as support for which reduction times higher than 300 s were needed to obtain a reduction conversion of 80% [6] . This important enhancement of the reduction reactivity could be explained by the use of CaAl 2 O 4 as a support which allow that most of the NiO impregnated was present as free NiO in the oxygen carrier particles. In addition, both fresh and after-used oxygen carrier particles presented high oxidation reactivity reaching values very close to 90% of the total oxygen transport capacity in less than 20 s.
Reactivity of the oxygen carrier
The evolution of the oxygen transport capacity of the Ni11CaAl material was assessed throughout the time of operation in the CLC unit by means of additional TGA experiments. The active metal content of particles was determined from the TGA tests carried out with 15 vol% H 2 . The R oc value of 2.5% obtained for the fresh particles was high enough to transfer the oxygen necessary to fully convert the fuel to CO 2 and H 2 O [1] . Fig. 1 also illustrates the oxygen transport capacity of the particles after 17 h and 90 h of operation. As it can be observed, this parameter was reduced as the time of operation increased. In terms of active NiO content in the oxygen carrier particles, the value decreased from 11.8 wt% in the fresh particles to 9.6 wt% in the used particles after 90 h of continuous operation. Nevertheless, the reactivity of the used particles was maintained high after the whole experimental tests.
Mechanical strength and attrition rate
Mechanical strength is a parameter related with the lifetime of the particles. Fresh particles of the Ni11CaAl oxygen carrier presented a crushing strength of 1.2 N, and this value decreased up to 0.6 after 90 h of continuous operation at high temperature. Previous works in the literature reported that values under 1 N might be too soft to carry out, at optimum conditions, a long-term circulation process in fluidized beds [11] .
In addition, the attrition rate measured during continuous operation in the CLC plant was high during the first hours of operation as a result of the rounding effect on the irregularities of the particles and the fines stuck to the particles during preparation. This parameter was stabilized after 40 h of operation at 0.25 wt%/h approximately, which meant a particle lifetime of 400 h. This particle lifetime value is quite low in comparison with other Ni-based oxygen carriers previously used [12, 13] . The reason for so high attrition rate was related with the method of support preparation. It must be considered that the CaAl 2 O 4 used as support was prepared at lab-scale by a method consisted on pelletizing a mixture of ␥-Al 2 O 3 , CaCO 3 and graphite, followed by calcination at high temperature and milling. However, it is believed that better results would be obtained using commercial supports or manufactured at industrial scale.
The NiO content in the fine particles recovered in cyclones and filters was significantly higher than that in fresh oxygen carrier particles due to the abrasive attrition of the particles. In this sense, it must be considered that fresh particles had the external surface covered by small grains of NiO which could be separated from the support by attrition and elutriated during operation. This phenomenon brought about a decrease of the oxygen transport capacity, as it was previously mentioned.
SEM-EDX characterization
Some oxygen carrier particles were analyzed by SEM to determine possible changes produced in their internal structure during operation. Fig. 2 illustrates SEM images of fresh and after-used particles. Fresh oxygen carrier particles exhibited the usual irregular shapes of the support. The used particles presented a rounded shape as a consequence of the operation in the CLC plant. Some particles were embedded in resin epoxy, cut, and polished to analyze their internal structure. Images of cross sections of fresh and afterused particles were shown in Fig. 2b . No substantial changes in the internal structure were observed. In this sense, fresh and after-used particles exhibited a high porosity with large pores of 20-40 m interconnected among them. The EDX analyses confirmed that the nickel content was distributed homogeneously with no redistribution or migration of the metal oxide along the cyclic operation in the CLC plant (see Fig. 2c ).
Finally, it is important to highlight that no signs of agglomeration were observed in the SEM images. This result agreed with the absence of defluidization problems obtained in the CLC unit during combustion operation.
XRD analyses
XRD analysis showed that the unique Ni-based crystalline phase present in fresh particles of the Ni11CaAl oxygen carrier was NiO. The strong interaction of the Ca with Al 2 O 3 to generate two calcium aluminates, CaAl 2 O 4 and CaAl 4 O 7 , avoids the formation of NiAl 2 O 4 in this material. This behavior was also observed in the particles extracted from the AR after 90 h of continuous operation. In the samples taken out from the FR of the CLC plant, Ni 0 and NiO were the unique Ni-based crystalline phases detected.
Batch fluidized bed results
The usual behavior of any oxygen carrier operating in a continuous CLC plant includes an increase in the combustion efficiency as higher is the oxygen carrier-to-fuel ratio used. However, the Ni11CaAl exhibited a different behavior during the operation in the CLC plant [1] . The maximum combustion efficiencies, with values near 99%, were obtained at low oxygen carrier-to-fuel ratios ( = 1.1-1.2). Lower or higher values of produced a sharp decrease in the combustion efficiency. At < 1, partial oxidation of fuel took place producing CO and H 2 , however CH 4 did not appear at the FR outlet stream. At > 1.2, CH 4 was the only unburnt product, indicating that the CH 4 partial oxidation/reforming reactions were not occurring at considerable amount in those conditions. Those facts indicated that fuel reaction occurred by different pathways depending on the value.
It must be considered that, in a continuous CLC process, the value is related to the variation of the solid conversion in the reactor, X S , and the reduction conversion of the oxygen carrier in the FR, X r , as follows:
The combustion efficiency, Á c , can be defined as the ratio of oxygen consumed by the gas leaving the FR to that consumed by the gas when the fuel is completely burnt to CO 2 and H 2 O. Furthermore, Table 2 Reactions of Ni-based materials in the FR and AR.
Fuel reactor
the parameter was defined by Eq. (2), where F MeO is the molar flow rate of the metal oxide, F Fuel is the inlet molar flow rate of the fuel in the FR, and b is the stoichiometric coefficient of the fuel gas. A value of = 1 corresponds to the stoichiometric MeO amount needed for maximum conversion of fuel to CO 2 and H 2 O.
In this section, different combustion tests using CH 4 as fuel were carried out in a batch fluidized bed reactor with the objective of determining the reasons of the behavior of the Ni11CaAl material during CLC operation. For that, the possible reactions of the Nibased materials inside the fuel and air reactors must be considered, which are shown in Table 2 . Fig. 3 illustrates the gas product distribution and the solid conversion obtained for the Ni11CaAl material working at 1173 K with a reduction period of 270 s and using CH 4 as reducing agent. The sample analyzed in the batch fluidized bed reactor corresponded to a used sample extracted from the CLC unit at the end of the experimental tests (90 h of operation) carried out by Gayán et al. [1] . During the first moments of reducing reaction, the CH 4 concentration was high. This situation in the batch fluidized bed reactor would be equivalent to the one present at the continuous CLC experimental set-up at which, for a high oxygen carrier-to-fuel ratio ( ) value, the resultant combustion efficiency (Á c ) was low. The amount of unburnt CH 4 is high at these conditions because the amount of metallic Ni coming from the reduction of NiO is not enough to catalyze the CH 4 reforming reaction (Eq. (7)). The unreacted amount of CH 4 decreased as the time was increased, i.e., as the reduction conversion of the oxygen carrier inside the batch fluidized bed reactor increased, and the catalytic activity of the Ni11CaAl material improved. In this sense, Pröll et al. [14] formulated a mechanism for the reaction between a Ni-based oxygen carrier and hydrocarbon fuels whose first step was based on the hydrocarbon conversion by the steam reforming reaction which was catalyzed by metallic Ni sites. When the solid reached conversion values about 0.7, the CO 2 concentration fell dramatically as a consequence of the oxygen depletion, and CO and H 2 concentrations started to increase. This period corresponds to values under 1 in the operation in the continuous unit. During the oxidation period, CO 2 and CO were generated by the combustion of C formed in the reduction period by coke formation reactions (Eqs. (11) and (12)).
As it was mentioned before, the Ni11CaAl presented a different combustion behavior in comparison with most of the previous Ni-based oxygen carrier materials tested in the literature [2] . For comparison reasons, Fig. 4 shows the gas product gas distribution obtained for the Ni18-␣Al:HI material when CH 4 was used as reducing agent [15] . This oxygen carrier was developed in a previous work by dry impregnation over ␣-alumina [6] and widely tested in continuous CLC plants [13, [16] [17] [18] . This material exhibited the usual behavior of the oxygen carriers in a CLC plant in such a way that an increase in the value produced an increase in the combustion efficiency. It can be observed that the highest CO 2 concentration was obtained immediately just after CH 4 feeding, which indicates that the fuel conversion was complete and mainly selective to CO 2 when the reduction conversion of the oxygen carrier, X s , was low. Furthermore, CH 4 was not detected during the whole reduction period. CO and H 2 concentrations were negligible during the first part of the reduction period. The CO 2 concentration began to decrease and CO and H 2 appeared when the amount of oxygen available to convert the CH 4 was considerably reduced.
The difference behavior observed in both materials has two main reasons. By one hand, the formation of NiAl 2 O 4 in the Ni18-␣Al:HI catalyzes the reforming reaction allowing full methane combustion even at low solid conversion values [19] . On the other hand, the low Ni content present in the Ni11CaAl material and the no formation of NiAl 2 O 4 makes necessary a very high reduction solid conversion to have enough metallic Ni to catalyze the CH 4 reforming reaction. This result agrees with that concluded by Ortiz et al. [19] who found that the catalytic activity of the oxygen carriers depended on their reduction/oxidation degree and that the reforming reactions are of great relevance to achieve a complete CH 4 conversion when using Ni-based materials.
Temperature-programmed analyses
Temperature programmed reduction-oxidation (TPR-TPO) analyses were carried out to fresh and after-used particles of the Ni11CaAl oxygen carrier to analyze the reduction reactivity of this material and, specifically, the possible variation in the interaction degree between the active metal oxide, NiO, and the support, CaAl 2 O 4 .
Five different samples were subjected to TPR-TPO tests: a fresh sample of the Ni11CaAl oxygen carrier and samples extracted both from FR and AR after M3 and M7 tests carried out by Gayán et al. [1] using methane as fuel gas (see Table 3 ). The highest combustion efficiency was achieved during the M3 test. During this test, the oxygen carrier particles exhibited a high reduction conversion of the active metal oxide, NiO ( X S ∼ 0.9). The conditions at the M7 test were completely different: the oxygen carrier-to-fuel ratio was high (2.2), which meant a low reduction conversion of NiO ( X S ∼ 0.3) and, consequently, a low CH 4 combustion efficiency value. Table 3 shows the XRD species determined for the samples.
Bulk NiO and CaAlO support (mixture of 25% CaAl 2 O 4 and 75% CaAl 4 O 7 , according to XRD) were used as reference materials for TPR tests. For bulk NiO powder, the TPR curve showed a single peak of hydrogen consumption with a maximum at 604 K. For CaAlO support an almost negligible shoulder of hydrogen consumption was observed at 593 K. Fig. 5 illustrates TPR-1 and TPR-2 profiles for the different samples. TPR-2 profiles corresponded to TPR experiments conducted after oxidation of the samples in a TPO experiment. Table 4 shows the position of all the peaks from TPR-1 profiles and the NiO reducible calculated from these analyses. Fresh sample exhibited two shoulders at 673 K and 723 K and two peaks at 848 K and 973 K. First and second shoulders could be attributed to isolated NiO units on the surface of the support, probably with different crystal size. Peak at 848 K could be attributed to bidimensional NiO monolayer. Finally, the peak at 973 K could be attributed to a moderate interaction with the support forming amorphous Ni-Ca-Al. Nevertheless, the presence of the possible phase NiAl 2 O 4 was not detected as it was also concluded from the XRD analyses. The peak corresponding to NiAl 2 O 4 would be detected at 1143 K as it was obtained for the Ni18-␣Al:HI material [20] , a Ni-based oxygen carrier impregnated on ␣-Al 2 O 3 . This TPR data confirm that the use of CaAl 2 O 4 as TPR-1 of the samples extracted from the AR gave two peaks at ∼650 K and ∼760 K. Comparing the first peak of the M3-AR and M7-AR samples with the one obtained in the fresh sample, it could be concluded that the crystallite size from the formers were homogenized since the resulting peaks were well defined and they did not present any shoulder. First peak could be attributed to isolated NiO units on the surface of the support. The second peak could be attributed to bidimensional NiO monolayer on the top of the support and it could be said that the interaction with the support was weak for both samples.
Regarding the samples extracted from the FR, TPR-1 profile of sample M3-FR exhibited a peak at 583 K and a shoulder at 713 K. The first peak could be attributed to bulk NiO and the shoulder to different interaction ranging from NiO isolated on the support and bidimensional NiO monolayer. In this case, the amount of NiO present in the sample was low as it was expected since the reduction conversion degree of the NiO inside the oxygen carrier particles was quite high ( X S ∼ 0.9) as it was mentioned before (see Table 4 ). Furthermore, from the TPR-1 profile it could be also affirmed that the interaction of NiO with the support was weak. In addition, the TPR-1 profile of sample M7-FR presented two peaks of H 2 consumption at 623 K and 758 K, respectively. The first peak could be attributed to bulk NiO, but it was shifted to a higher temperature. This was probably due to the fact that this sample contained a higher amount of NiO since the reduction conversion degree of NiO was quite lower ( X S ∼ 0.3). The second peak could be attributed again to bidimensional NiO monolayer. In conclusion, the profiles of both samples taken from the FR were similar, but the amount of NiO interacting with the support is higher for the sample M7-FR since this sample contained a higher amount of NiO. Finally, it is important to highlight that the NiAl 2 O 4 phase was not detected in any of the after-used samples analyzed, neither from the FR nor from the AR. This fact indicated that the Ca present in the support of the oxygen carrier particles was never substituted by elemental Ni. After oxidation of the samples in TPO experiments, new TPR profiles, TPR-2, were obtained. According to Fig. 5b , the profiles of the five samples were quite similar among them, indicating that after total oxidation of metallic Ni, the NiO-support interaction was almost identical. Due to the relatively weak interaction between NiO and the support, it can be concluded that nickel could not be dispersed as uniformly as desired in the oxygen carrier particles.
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X-ray photoelectron spectroscopy (XPS) analyses
The same above samples were analyzed by XPS to characterize the surface of the Ni11CaAl oxygen carrier particles. This allowed us to identify the elements, the oxidation states and the type of chemical structure, as well as to quantify the mass percentage of each element.
Binding energy (BE) regimes containing the Ni 2p 3/2 and Ni 2p 1/2 emission lines of the Ni11CaAl samples were presented in Fig. 6 . The position of the Ni 2p 3/2 line for samples varied from 853.2 to 856.1 eV. For these samples, the position of the Ni 2p 1/2 line was found at 17.6-18.4 eV higher BEs as compared to Ni 2p 3/2 line, indicating the presence of Ni 0 and Ni 2+ in some samples. For both emission lines a shake up satellite was found at about 6.2-6.0 eV higher BEs from each emission line. The Ni 2p 3/2 line around 856 eV with the associated satellite indicated the presence of one or more nickel-oxygen species. In the samples extracted from the FR, M3-FR and M7-FR, the peaks were shifted to lower BEs, indicating the presence of Ni 0 , and the shake-up shrank in both samples, in more extent for sample M3-FR. This fact was consistent with TPR results because the NiO present in M3-FR sample was more reduced than in sample M7-FR. BEs for samples extracted from the AR, M3-AR and M7-AR, were between pure NiO and NiAl 2 O 4 . However, from TPR and XRD analyses it was previously concluded that this later phase was never formed. The shift to higher BE would correspond to a stronger interaction than the one related to Ni 2+ in octahedral sites of the supported Ni structure as NiO with weak interaction with the support. The fitting of the peaks showed the presence of various contributions with BEs that were given in Table 5 . As an example, Fig. 7 illustrates the fitting of the peaks obtained for the M3-AR sample. The BEs of the peaks were assigned to different Ni compounds according to data taken from literature [21, 22] .
Fresh sample exhibited two contributions: the first peak could be attributed to Ni 2+ in octahedral sites of the supported Ni structure as bulk NiO and the second peak could be assigned to NiO with strong interaction with the support, but at BEs lower than that corresponding to NiAl 2 O 4 . However, no data concerning the interaction of NiO with the support (mixture of 25% CaAl 2 O 4 and 75% CaAl 4 O 7 , according to XRD analysis) was found in the literature. So that, the Ca 2p region of the spectra for the five samples and the support were examined. In the case of the support, a peak corresponding to Ca 2p 3/2 appeared at a BE of 346.9 eV, a higher value than the corresponding one to CaO, indicating the strong interaction between CaO and Al 2 O 3 , forming spinel structures, as it was shown by XRD. The BE for Ca 2p region for the five different samples did not change, indicating that there was not an interchange of Ca by Ni. In this sense, the strong interaction of NiO with the support could be due to the presence of bi-dimensional NiO monolayer in the top of the support.
Samples extracted from the AR exhibited quite similar spectra in relation to the fresh sample. The only difference was the change in the areas of each fitted peak which corresponded to different mass percentages of Ni (reported in Table 5 ). For both samples, the mass percentage of Ni calculated for each peak was lower than the one corresponding to the fresh sample.
The Ni 2p 3/2 line for samples coming from the FR was shifted to lower BEs values, indicating the presence of metallic nickel. Moreover, it could be observed a shrunk of the shake-up satellite for both samples, especially for sample M3 FR, which contained a higher amount of Ni 0 due to the higher reduction conversion degree of the NiO present in the oxygen carrier particles in that test. The curve fitting of this line gave two peaks. The first peak corresponded to metallic Ni and the second peak to NiO with weak interaction with the support. The total amount of Ni present on the surface of these samples was similar, however the Ni distribution into components was quite different (see Table 5 ). For sample M3-FR, most of the Ni was present as metallic Ni due to its higher reduction conversion degree ( X S ∼ 0.9) in comparison with the M7-FR test ( X S ∼ 0.3). However, for sample M7-FR, most of the Ni was present as NiO with weak interaction with the support. Another difference between the samples extracted from FR after the corresponding experimental tests was the shift to lower BE of the peak corresponding to metallic Ni for sample M7-FR. This shift was most likely due to differentially charging [23] . This fact usually happens with large particles and with particles having no good electrical contact with the support.
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As in the case of TPR-TPO tests, XPS analysis again demonstrated that the interaction of NiO with the support was not due to the formation of the less reactive Ni compound, NiAl 2 O 4 , but due to the presence of bi-dimensional NiO monolayer in the top of the support.
Regarding the mass percentage of Ni present in the different samples analyzed and its distribution into components, it was confirmed the relation between the value used in the CLC tests and the metallic Ni content, which determines the catalytic activity of the Ni11CaAl material for CH 4 reforming reactions. Ortiz et al. [19] found that the catalytic activity of the impregnated Ni-based oxygen carriers for CH 4 reforming depended on their reduction degree, increasing the catalytic activity when the reduction conversion of the oxygen carrier was increased. Therefore, it could be said that the CH 4 reforming reactions were of great relevance to achieve a high CH 4 conversion in a CLC system. In the previous work carried out by Gayán et al. [1] , since a low NiO content was used in the oxygen carrier, the relevance of the reduction degree needed to achieve full CH 4 conversion was more important. Only working at very low oxygen carrier-to-fuel ratios above stoichiometric conditions (1.0-1.2), which corresponded to high reduction conversion values ( X S ∼ 0.9), almost full conversion of CH 4 was achieved due to the catalytic activity of the oxygen carrier in those conditions. Two main reasons can be responsible for the low combustion efficiencies achieved with the Ni11CaAl material at > 1.2 in the CLC plant. Firstly, the low reduction conversion degree of the oxygen carrier, X S , supposes that only a small fraction of the nickel present in the particles is in the form of metallic Ni, which is not enough to carry out the catalytic methane reforming reaction. Secondly, the low NiO content present in the particles, which is clearly beneficial from an environmental point of view, difficult the oxygen availability in the system for the CH 4 combustion through reactions (3)- (6) .
Nevertheless, it was demonstrated that this is a highly reactive oxygen carrier, with a low NiO content, which can be used with high efficiency in a continuous CLC plant for combustion of gaseous fuels in a well-defined range of operating conditions. However, the CLC design would be influenced by the minimum solids inventory needed to fulfill the minimum metallic Ni requirements to produce the CH 4 reforming reaction in the FR.
Conclusions
A Ni-based oxygen carrier with a low NiO content (11.8 wt% NiO) previously used in a 500 W th CLC unit [1] has been analyzed in terms of reactivity, gas product distribution, and characterization of physical and chemical properties after continuous operation. 4 . This allowed that all the NiO impregnated was found as free NiO in the oxygen carrier particles giving it a high reactivity which was maintained during the 90 h of continuous operation in the CLC plant.
The results obtained in the batch fluidized bed reactor have revealed the necessity to use very high reduction solid conversion to have enough metallic Ni to catalyze the CH 4 reforming reaction, and therefore to obtain high combustion efficiencies. The no formation of NiAl 2 O 4 and the low Ni content present in the Ni11CaAl material are the responsible of this behavior. These results have explained the high combustion efficiency values obtained with this material at low oxygen carrier-to-fuel ratios during the continuous tests carried out in the 500 W th CLC unit.
